Background: Haemorrhagic shock is a major cause of death in the acute care setting. Since 2009, our emergency department has used intra-aortic balloon occlusion (IABO) catheters for resuscitative endovascular balloon occlusion of the aorta (REBOA). Methods: REBOA procedures were performed by one or two trained acute care physicians in the emergency room (ER) and intensive care unit (ICU). IABO catheters were positioned using ultrasonography. Collected data included clinical characteristics, haemorrhagic severity, blood cultures, metabolic values, blood transfusions, REBOA-related complications and mortality. Results: Subjects comprised 25 patients (trauma, n = 16; non-trauma, n = 9) with a median age of 69 years and a median shock index of 1.4. REBOA was achieved in 22 patients, but failed in three elderly trauma patients. Systolic blood pressure significantly increased after REBOA (107 vs. 71 mmHg, p < 0.01). Five trauma patients (20 %) died in ER, and mortality rates within 24 h and 60 days were 20 % and 12 %, respectively. No REBOA-related complications were encountered. The total occlusion time of REBOA was significantly lesser in survivors than that in non-survivors (52 vs. 97 min, p < 0.01). Significantly positive correlations were found between total occlusion time of REBOA and shock index (Spearman's r = 0.6) and lactate concentration (Spearman's r = 0.7) in survivors. Conclusion: REBOA can be performed in ER and ICU with a high degree of technical success. Furthermore, correlations between occlusion time and initial high lactate levels and shock index may be important because prolonged occlusion is associated with a poorer outcome.
Background
Trauma and upper gastrointestinal bleeding (UGIB) are the most common causes of haemodynamic instability in patients with haemorrhage admitted to the emergency department (ED) and persistent haemorrhage is a major cause of death in acute care management [1] [2] [3] . Although the main aim of resuscitation is to stop the haemorrhage and restore circulating blood volume, persistent haemorrhage can be rapidly fatal. In such cases, conventional options for impending haemodynamic collapse are resuscitative thoracotomy (RT) and aortic clamping immediately performed in the emergency room (ER), particularly for uncontrolled torso haemorrhage or unstable pelvic fractures [4] [5] [6] [7] [8] . However, these procedures are invasive; therefore, resuscitative endovascular balloon occlusion of the aorta (REBOA) is increasingly used as an alternative to RT [9, 10] . The aim of REBOA is to maintain cerebral and coronary circulation to temporarily control arterial haemorrhage from the injured organ via occlusion using balloon inflation of the aortic lumen. Although a recent systematic review of REBOA in various clinical settings was found to successfully elevate central blood pressure in haemorrhagic shock, the effectiveness and indications for this intervention remain unclear [11] . Moreover, when applied as the only immediately available intervention for trauma patients with haemodynamic instability, REBOA was associated with increased mortality [12] . However, this study of trauma registry data was limited by the data elements collected in the registry, which mainly included age, vital signs and severity of injury. Therefore, we conducted a retrospective study of patients with haemorrhagic instability who underwent REBOA at a single emergency centre to determine the effect of REBOA on mortality and identify associations with vital indicators upon presentation at emergency facilities.
Methods

Patients and study design
The ethics committee of Tokyo Medical University Hachioji Medical Center approved the design of this retrospective study of patients with suspected haemorrhagic shock who subsequently underwent REBOA in ER or who were admitted to our intensive care unit (ICU) and subsequently developed haemorrhagic shock and underwent REBOA in ICU between September 2010 and September 2015. Patients with a systolic blood pressure (SBP) <90 mmHg or a shock index (SI; ratio of heart rate to SBP) ≥1.0 were considered to be in shock. We excluded patients aged <15 years and those who had cardiac arrest on admission or were diagnosed with any terminal disease during the study period.
Intra-aortic balloon occlusion catheter
In our ER, 10 Fr. intra-aortic balloon occlusion (IABO) catheters (BLOCK BALLOON™; Senko Medical Instrument, Tokyo, Japan) were used until 2014. Since 2014, 7 Fr. IABO catheters (RESCUE BALLOON®; Tokai Medical Products, Tokyo, Japan) have been available. For percutaneous deployment of IABO catheters, all necessary guidewires, sharps and introducers are packaged together in the kit (Fig. 1) .
Intervention
Treatment for haemorrhagic shock was performed on the basis of the Advanced Trauma Life Support resuscitation guidelines and the response to an initial fluid resuscitation with 1 L (since 9 th edition) or 2 L (until 8 th edition) of Ringer's lactate. Acute care physicians categorised the patients into three categories based on subsequent haemodynamic responses to initial fluid resuscitation: a response group, showing immediate recovery from shock and remaining normotensive after initial fluid resuscitation; a transient-response group, showing recovery from shock, but an inability to remain normotensive after initial fluid resuscitation; and a non-response group, showing haemodynamic instability and no response to fluid resuscitation. Patients in the transient-response and non-response groups were considered to be haemodynamically unstable; therefore, empirical administration of blood and blood product transfusion were initiated earlier. Moreover, one or two acute care physicians performed all REBOA procedures. In our department, TJ was trained for ≥1 year as a member of the endovascular team in the Radiology Department of another university hospital, whereas all other acute care physicians in our ER performed sheath insertion using percutaneous femoral access >5 times under the guidance of TJ before performing REBOA.
For the REBOA procedure, a 10 Fr. (BLOCK BAL-LOON™) or 7 Fr. (RESCUE BALLOON®) sheath was first inserted into the femoral artery using the Seldinger method. In this study, all patients underwent sheath insertion via percutaneous femoral access. It was important that the sheath was passed over the wire into the femoral artery, and once the dilator and sheath had been advanced over the wire through the skin into the artery, the dilator was removed, leaving the sheath. When it was very difficult to pass the wire through either femoral artery, we discontinued the procedure and considered it to be a failed REBOA. After insertion of the femoral artery sheath, the IABO catheter was placed into the aorta and REBOA was performed. After insertion of the femoral artery sheath, an IABO catheter was inserted into the aorta, with selection of the aortic zone for occlusion according to the recommendations of Stannard et al. under ultrasonographic guidance [13] . Placement of the balloon is normally preformed in zone 1 (proximal part of the aorta, origin of the left subclavian artery to the celiac artery) in patients with suspected intra-abdominal haemorrhage, including UGIB. In patients with suspected haemorrhage from a confirmed pelvic fracture, the IABO catheters were placed in zone 3, (distal part of the aorta, lowest renal artery to the aortic bifurcation). IABO catheter positioning was performed under ultrasonographic guidance before REBOA placement and confirmed by portable chest or abdominal radiography in ER [14] .
Data collection
The following characteristics were noted from the charts and radiographs of all patients with haemodynamic instability: age, sex, vital signs, clinical history, haemorrhagic severity, blood cultures, metabolic values [pH, lactate concentration and base excess], blood transfusion, REBOArelated complications and mortality. In patients admitted to ER or ICU, blood cultures and metabolic values were measured at the beginning of resuscitative intervention.
Statistical analyses
Data from all eligible patients were analysed. Continuous variables are shown as median values with interquartile ranges. Between-group differences were statistically assessed using the Mann − Whitney U test for continuous variables and the Fisher's exact test for categorical variables. The Spearman correlation coefficient was used to identify correlations between the evaluated parameters. All statistical analyses were performed using Prism version 6.0a statistical software (GraphPad Software, San Diego, CA, USA). Categorical variables were calculated as the ratio (percentage) of the frequency of occurrence. A probability (p) value of > 0.05 was considered statistically significant.
Results
Demographics and clinical characteristics
Twenty-five patients (median age, 69 years; age range, 25 − 86 years; 62 % males), including 16 trauma and 9 non-trauma patients, were included in this study. The demographics and clinical characteristics of all patients are shown in Table 1 . The aetiologies of the trauma and non-trauma patients are shown in Tables 2 and 3 , respectively. The REBOA success rate was 90 % in this study. Five trauma patients (20 %) died in ER. The mortality rates within 24 h and 60 days were 20 % (trauma, n = 4; non-trauma, n = 1) and 12 % (trauma, n = 1; With regard to clinical characteristics, there were no significant differences in pH, lactate concentration, base excess, prothrombin time, activated partial thrombin time or injury severity score (ISS) between the survivors (n = 12) and non-survivors (n = 13). However, in trauma patients, there were significant differences in the revised trauma scale (RTS) and the trauma and injury severity scores (TRISS) between survivors and non-survivors (Table 4) .
Changes in acute care management with REBOA Table 4 shows that SBP was significantly higher after initiation of REBOA. However, there were no significant differences in ΔSBP (SBP after REBOA − SBP before REBOA) or the volume of blood transfusion between the survivors and non-survivors.
The total occlusion time of IABO catheters for the survivors was significantly shorter than for the nonsurvivors. Furthermore, strong positive correlations were found between total occlusion time and lactate concentration (Spearman's r = 0.7, p = 0.02) and between total occlusion time and SI (Spearman's r = 0.6, p = 0.04) in survivors (Fig. 2) . We did not determine correlations between the occlusion time and any clinical variable in non-survivors.
Analysis in cases of failed REBOA
The REBOA procedure failed in three patients (patients 10-12 in Table 2 ) because the wire could not be blindly passed through the femoral artery for sheath insertion in ER. Two of the three patients underwent RT in ER and one underwent REBOA in the angiography suite. All three patients were aged >75 years with severe visceral injuries and pelvic fractures; therefore, they underwent angio-embolization for the pelvic injuries and angiography revealed severe tortuosity or torsion of the femoral arteries (Fig. 3) .
Discussion
In the present study, we found that the total occlusion time of REBOA was longer in non-survivors than that in survivors with similar results between trauma and nontrauma patients. For trauma patients, our results were consistent with those reported by Saito et al. and Irahara et al. [7, 8] . Furthermore, the median REBOA occlusion time of approximately 60 min was similar between trauma and non-trauma patients. A recent study reported a REBOA duration of >90 min in an animal model of haemorrhage-induced organ dysfunction, particularly that of the kidneys and liver [15] . However, REBOA for 60 min was reportedly well tolerated in an animal model of persistent haemorrhagic shock [16] . Although it is important to shorten the occlusion time of REBOA as much as possible, our results strongly support those observed in these previous animal studies. Norii et al. reported increased mortality using REBOA in trauma patients with a significantly higher ISS and lower RTS compared with patients who did not undergo REBOA treatment, thus REBOA is the only immediately available option for trauma patients with haemodynamic instability in Japan [12] . The Japanese trauma registry data were limited (i.e., age, vital signs, prehospital records, and severity of injury) and several details of the clinical parameters, such as blood cultures, lactate levels, the volume of fluid transfusion, and clinical occlusion time of REBOA, were not provided. We found significant correlations between the total occlusion time of REBOA and lactate concentration and SI measured at the beginning of resuscitation in survivors. Lactate concentration and SI are more effective indicators than vital signs, such as heart rate and SBP, to predict mortality of trauma patients [17, 18] . DeMuro et al. advocated an SI >0.8 to identify trauma patients that will require intervention for haemostasis [19] . For UGIB, a high SI is associated with fatal haemorrhage [20] . These parameters are useful to confirm suspected massive hemorrhage and may be helpful for future consideration for introducing REBOA. In the present study, three cases with a high SI experienced cardiac arrest before IABO catheter insertion and two died (multiple organ failure because of exsanguination and ischemic brain injury, respectively). We speculate that the early introduction of an IABO catheter without inflation for preventive reasons is warranted in patients with haemodynamic instability and a high SI and/or lactate concentration. The Japanese Society of Diagnostic and Interventional Radiology in Emergency Critical Care and Trauma (DIRECT) is currently enrolling patients in a [11] . Acute care physicians encounter haemorrhagic shock because of various causes, including ruptured abdominal aortic aneurysms, spontaneous bleeding caused by anticoagulation, and postpartum bleeding secondary to placenta previa or placenta abruption. Although endoscopic treatment for UGIB is generally acceptable, it can be difficult to completely achieve in some patients, and persistent haemorrhage can result in rapid death. A recent study demonstrated that advanced age, haemorrhagic shock, inhospital bleeding, re-bleeding, and the need for surgery or other interventions are predictors of in-hospital mortality among patients with UGIB [21] . Moreover, patients with haemorrhagic shock on admission have an approximately 5-fold greater risk of intractability after initial endoscopic treatment, although mortality rates associated with UGIB have remained essentially unchanged at 5 % − 8 % [22] . Our results indicate the clinical safety and feasibility of REBOA in non-trauma patients, which have been insufficiently described in previous reports [23] .
The complications observed with REBOA were caused by the insertion of the IABO catheter and femoral artery sheath. The major complications of IABO catheter insertion are vessel injuries (i.e., aortic dissection, rapture and perforation), embolisation, air emboli and peripheral ischaemia. However, Brenner et al. and Ogura et al. have reported no vessel injuries caused by an IABO catheter or inflated balloon in trauma patients [4, 7] . In the present study, there was no complication caused by the IABO catheter itself. In our department, we routinely use ultrasonography to guide positioning of the IABO catheter during procedures and evaluate catheter placement using portable radiography after catheter deployment. The findings of Guliani et al. support this result in their study showing that ultrasonography alone is as safe and accurate as fluoroscopy for positioning and deployment of an IABO catheter [14] . The major complications of sheath insertion are femoral artery injuries (i.e., pseudo-aneurysm, arteriovenous fistula and dissection) and lower limb ischaemia at the same site. Saito et al. reported a severe complication of lower limb ischaemia at the puncture site [7] . Therefore, we recommend careful consideration of ischaemic complications, particularly limb or organ ischaemia, during sheath insertion.
In the present study, we encountered difficulties with the insertions of a 10 Fr. sheath in three elderly trauma patients who were all women aged >75 years with severe tortuosity or torsion of the femoral arteries. Recent studies confirmed that the female sex and age >75 years are risk factors for femoral artery complications after endovascular [24] . Other statistically significant risk factors included high body mass index, low platelet count, urgent procedures, increasing sheath size and administration of antithrombotic agents [25] . In such cases, performing endovascular procedures can be time-consuming and may be an issue with regard to the time required for resuscitation. In the acute care setting, the REBOA procedure is usually conducted blindly by acute care physicians, including emergency physicians and trauma surgeons, who must have sufficient knowledge of the risk factors and procedures associated with an endovascular approach. The development of new devices that do not require an oversized sheath, such as 10 Fr., or long guidewires is likely to reduce not only complications but also time to occlusion. In Japan, 7 Fr. IABO catheters have been clinically available since 2014, and we have used this device with technical success (100 %) by trained acute care physicians.
This study had several limitations, particularly the small number of evaluated patients sustaining different types of haemorrhagic shock, such as single trauma, multiple trauma and non-trauma (UGIB alone). Second, this was not a randomised, controlled trial or retrospective study using propensity scores because in the acute care setting, it is difficult to perform a randomised trial. Furthermore, use of a propensity score may be not suitable for a small sample size (trauma, n = 16 and nontrauma, n = 9) in a single emergency centre [26, 27] . Third, >30 % of the trauma patients in this study were aged ≥65 years and the clinical characteristics of such patients in Japan may differ from those in other countries [28] . Bernard et al. recently reported a population based analysis using Trauma Audit and Research Network data and the median age of trauma patients in whom may be potentially utilized REBOA was 43 years [29] . Thus, population based studies are beneficial to further evaluate the utility of REBOA for trauma populations.
Conclusion
In our experience, REBOA can be performed in ER and ICU and achieve a high degree of technical success. Furthermore, the correlations of occlusion time and initial high lactate levels and SI may be important because prolonged occlusion is associated with a poorer outcome. Further large clinical studies to identify patient subgroups with haemodynamic instability because of traumatic and non-traumatic haemorrhage that may benefit from REBOA are warranted.
Abbreviations ED: emergency department; ER: emergency room; IABO: intra-aortic balloon occlusion; ICU: intensive care unit; ISS: injury severity score; REBOA: resuscitative endovascular balloon occlusion for the aorta; RT: resuscitative thoracotomy; RTS: revised trauma score; SBP: systolic blood pressure; SI: shock index; TRISS: trauma and injury severity score; UGIB: upper gastrointestinal bleeding.
